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Induced pluripotent stem cells (iPSCs), which greatly
circumvent the ethical issue of human embryonic stem
cells (ESCs), can be induced to differentiate to
dopaminergic (DA) neurons, and hence be used as a
human disease model for Parkinson’s disease (PD). iPSCs
can be also utilised to probe the mechanism, and serve
as an ‘in vivo’ platform for drug screening and for cell-
replacement therapies. However, any clinical trial
approaches should be extensively supported by validated
robust biological evidence (based on previous experience
with fetal mesencephalic transplantation), in particular,
the production and selection of the ‘ideal’ neurons
(functional units with no oncological risk), together with
the careful screening of appropriate candidates (such as
genetic carriers), with inbuilt safeguards (safety studies)
in the evaluation and monitoring (functional
neuroimaging of both DA and non-DA system) of trial
subjects. While iPSCs hold great promise for PD, there
are still numerous scientiﬁc and clinical challenges that
need to be surmounted before any clinical application
can be safely introduced.
INTRODUCTION
Parkinson’s disease (PD), a common neurodegen-
erative disorder, is characterised by a selective loss
of dopaminergic (DA) neurons from the pars com-
pacta of the substantia nigra, and the formation of
Lewy bodies. While tremor, bradykinesia, rigidity
and postural instability are common signs and
symptoms, non-DA features such as gait disturb-
ance and dementia may occur when non-DA
systems are involved, and these can be clinically dis-
abling and difﬁcult to treat.1
Research on PD has focused on dissecting the
pathophysiological mechanism in order to develop
novel therapeutic strategies. Mitochondrial dysfunc-
tion, oxidative stress, kinase pathways, calcium dys-
regulation and inﬂammation, are implicated in PD.1
Numerous cellular and animal models have been
established to unravel the mechanism behind PD.
However, the discoveries garnered from cellular
models, which are usually not based on human DA
neurons, may not fully reﬂect the pathogenesis in
DA neurons with PD.2 In addition, animals may
have different vulnerability to the disease-causing
factors. Therefore, stressors or genetic risk factors,
which play an important role in the pathogenesis of
PD in human, may not be revealed by animal
studies.3
Induced pluripotent stem cells (iPSCs) refer to a
group of pluripotent stem cells that can be gener-
ated from adult cells. iPSCs share a crucial property
with embryonic stem cells (ESCs) as they have a
potency to differentiate into any tissue in the body.
Moreover, various terminally differentiated cells
can be utilised to generate iPSCs, avoiding destruc-
tion of an embryo entailed by the generation of
ESCs. Thus, iPSCs hold great promise for regenera-
tive medicine, and PD is the prototype neurodegen-
erative disease that will most likely beneﬁt from this
scientiﬁc breakthrough since the disease affects the
substantia nigra predominantly in the early stages.
In this review, we provide an update on recent
progress and potential limitations on the use of
iPSCs in PD research, and, in particular, on how
iPSCs can help facilitate the understanding of the
pathophysiology and the development of therapeu-
tics in PD (ﬁgure 1).
DISCOVERY OF IPSCS
In 2006, Dr Yamanaka’s team discovered that a
cocktail of four transcription factors, that is,
OCT4, SOX2, KLF4 and c-Myc, could repro-
gramme skin ﬁbroblasts to pluripotent cells. These
cells were able to differentiate into various types of
cells from the three primary germ layers, which
represent key attributes of ESCs.4 However, the
biological properties of the reprogrammed cells dif-
fered from ESCs. For instance, we have previously
demonstrated that to maintain self-renewal of the
pluripotent cells, Oct4 and Nanog are bound to
their own promoters to form an autoregulatory
loop, which was not established in the repro-
grammed cells.5 In addition, injection of iPSCs into
blastocysts failed to generate a viable chimaeric
embryo.4 Efforts have since been made to ﬁnd the
optimal way for reprogramming—and to improve
the quality of the iPSCs—so that the reprogrammed
cells can maximally resemble the ESCs in terms of
their biological features.
SOURCE OF IPSCS
Researchers have been experimenting with various
cell sources for reprogramming. Today, iPSCs can
be generated from different origins, such as liver
and stomach cells, neural stem cells and peripheral
blood cells.6 7 The success of peripheral blood cells
that act as templates for reprogramming attracts
clinical interest as drawing blood is the least inva-
sive operation and rarely presents complications.
We were involved in further optimising the proto-
col and made it possible to use as little as 10 mL of
ﬁnger tip capillary blood to reprogramme blood
cells to iPSCs.6 Another interesting technological
breakthrough of iPSCs is that keratinocytes from
hair follicles were successfully reprogrammed to
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iPSCs,8 though the amount of hair that has to be plucked might
be unacceptable to donors. We can foresee that, to further
improve accessibility, it may be possible, in the future, to gener-
ate iPSCs with a mouth swab.
CONCERN OF TUMOURIGENESIS
The risk of tumourigenesis has always weighed on the minds of
researchers. This concern stems from the known oncogenes uti-
lised in the reprogramming of iPSCs, including Myc and Klf4.
Other genes involved in generation of iPSCs, Nanog, Sox2 and
Oct4, are also linked to tumourigenesis.9 Of note, a canonical
tumour suppressor, p53, is closely related to the generation of
iPSCs. It was found that elevated p53 levels may signiﬁcantly
attenuate reprogramming through DNA damage response and
p53-dependent apoptosis.10 Another reason for iPSC-related
tumourigenesis lies in the disruption of the genome integrity.
This could be caused either by virus-mediated integration or by
in vivo somatic mutations.11 In order to retain genome integrity
throughout the reprogramming, various techniques have been
developed to generate insertion-free iPSCs, such as synthetic
modiﬁed mRNA, episomal vectors, Sendai virus vectors and
others.7 However, even if there is no damage in genome caused
by retroviral insertion, genome integrity is still a concern during
reprogramming. Gore et al11 reported that, in iPSCs that were
reprogrammed through diverse methods, including non-
integrating methods, mutations of non-synonymous, non-sense
or splice variants were discovered, with most of the mutations
located in the genes related to cancers. Therefore, although
great efforts have been made to reduce the risk of tumourigen-
esis, iPSC-derived neurons can be applied in clinical trials only
after stringent selection, including extensive genetic screening
for de novo mutations generated from the reprogramming and
in vivo testing by transplantation of the neuron graft into a
primate model.
MODELLING PD USING IPSCS
Unravelling mechanism
Since iPSCs can speciﬁcally differentiate to A9 DA neurons, the
incomparable advantage of biological relevance makes iPSCs
use an excellent system to model PD. iPSCs provide an oppor-
tunity to verify the understanding of PD harvested from cellular
or animal models and pathological studies in live DA neurons.
For instance, the most exciting ﬁnding made recently on PD
mechanism is that mitophagy is implicated in PD. On mito-
chondrial depolarisation, PINK1, a mitochondrion-targeted
kinase, accumulates on outer mitochondrial membrane, recruit-
ing Parkin and initiating mitophagy. It is interesting that Parkin/
PINK1-mediated mitophagy has been well demonstrated in
the cancer-derived cell lines, while results of Parkin/
PINK1-mediated mitophagy in neurons have been conﬂicting.
For instance, Van Laar et al12 reported that, in rat neurons,
mitochondrial depolarisation failed to induce Parkin transloca-
tion to mitochondria. In contrast, Cai et al13 demonstrated that
mitochondrial depolarisation did induce Parkin translocation to
mitochondria in mouse neurons, but at a much lower speed.
However, as mentioned earlier, DA neurons from rodents
might be distinct from human DA neurons. Therefore it is
indispensable to verify the mitophagy in human DA neurons. In
iPSC-derived neurons, it has been found that mutations in
PINK1 did compromise Parkin translocation to mitochondria,
eventually blocking autophagic clearance of mitochondria.14
However, endogenous Parkin was found not sufﬁcient to
mediate carbonyl cyanide 3-chlorophenylhydrazone
(CCCP)-induced mitophagy in iPSC-derived neurons,15 which
does not ﬁt in the current model for the Parkin/
PINK1-dependent mitophagy. We reason that CCCP may pose
a PD-irrelevant scenario to cells by causing global mitochon-
drial depolarisation beyond rescue. Under the stress of CCCP,
neurons in vivo might rather retain impaired mitochondria that
may still provide energy than remove the whole mitochondrial
system with the aid of exogenous Parkin. Therefore, establish-
ment of restrained damage to a small amount of mitochondria
in the iPSC-derived neurons should be crucial for the assess-
ment of the role of Parkin/PINK1 in mitophagy and the signiﬁ-
cance of mitophagy in the pathogenesis of PD. Furthermore,
since cells employ multiple layers of quality control to ensure
their well-being, it is possible that defect in mitophagy only
compromises cell viability in aged cells where the other protect-
ive machineries are either dysfunctional or overloaded.
Recently, artiﬁcial ageing, including long-time culture16 and
expression of progerin,17 was utilised to induce phenotypes
in iPSC-derived neurons to reproduce features of PD, though
the effects of the artiﬁcial ageing on mitophagy are yet to
be studied.
Therapeutics
iPSC-derived PD models can be used for screening therapeutic
compounds. Coenzyme Q10, rapamycin and the LRRK2 kinase
inhibitor GW5074, have been demonstrated to rescue cytotox-
icity caused by valinomycin or concanamycin A in iPSC-derived
neurons from patients with PD. Furthermore, the ﬁnding that
rapamycin and GW5074 selectively reduced reactive oxygen
species production in iPSC-derived neurons with PINK1 muta-
tion but not in neural cells from healthy subjects, highlights the
difference in susceptibility to pharmaceutical compounds
between diseased neurons and artiﬁcial disease models.18 More
recently, nitrosative/oxidative stress was found to cause mito-
chondrial dysfunction and apoptotic cell death in A9 DA
neurons with A53T α-synuclein mutation through
S-nitrosylation of transcription factor MEF2C, which could be
well targeted by a small molecule, isoxazole.19 Therefore,
iPSC-based technology may facilitate identiﬁcation of thera-
peutic compounds by elucidating authentic signalling pathways
Figure 1 Outline of applications of induced pluripotent stem cells
(iPSCs) on Parkinson’s disease (PD). iPSCs generated from patients with
PD may be utilised in research as well as in clinical application. iPSCs
can further differentiate to dopaminergic neurons and model PD for the
exploration of mechanism and search for therapeutic compounds.
Clinically, iPSC-derived neurons may facilitate PD diagnosis by reﬂecting
pathogenesis in the brain. Furthermore, iPSC-derived neurons also hold
attractive potential in cell therapy for PD.
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in diseased human neurons rather than artiﬁcial models. In add-
ition, typical pathological features, such as Lewy bodies, identi-
ﬁed in iPSC-derived neurons, may have diagnostic and
therapeutic potential. For instance, correction of the A53T
α-synuclein mutation by gene editing eliminates the Lewy
bodies with phosphorylated α-synuclein in iPSC-derived
neurons.19 Hence identiﬁcation of a unique PD pathological
hallmark in iPSC-derived neurons can provide a speciﬁc and
relevant readout for drug development compared with other
cellular events, such as cell death.
Drug screening on iPSC-derived neurons could be implemen-
ted in two ways. First, the drug candidates could be tested in
vivo on the iPSC-derived neurons generated from the patient
who needs the medication. If the drug could improve patho-
physiological features in the neurons, it should be effective for
the same patient. Although drug screening in speciﬁc patient
iPSC-derived neurons provides an appealing perspective for the
individual, it is time-consuming and may not be affordable in
the near future. The other way is to test the drugs in
iPSC-derived neurons with different PD genotypes.
Genome-wide association studies (GWAS) have revealed a
number of gene variants that modulate the risk of PD. For
instance, a recent meta-analysis of GWAS data identiﬁed 28
independent risk variants for PD across 24 loci.20 With the
rapid development of genome sequencing, it would be very
convenient to get the genome information of the patient and
categorise the patient to a certain group deﬁned by its
PD-related genotype. If we are able to complete drug screening
among these subgroups, a list of customised drugs suitable for




A recent paper on clinicopathological correlations of PD high-
lighted the need to develop new methods to improve diagnostic
accuracy of early PD.21 iPSCs derived from patients may serve
this need if the phenotypes shown in iPSC-derived neurons can
recapitulate the pathological features in PD, including selective
loss of DA neurons and formation of Lewy bodies. Indeed, cell
death has been found in most iPSC-derived neurons from
patients under stressors17 19 22 or over prolonged culture.16
However, the results for the occurrence of Lewy bodies remain
inconsistent. Lewy bodies and α-synuclein aggregation were
identiﬁed in A9 DA neurons derived from iPSCs with A53 T
α-synuclein mutation, but not in the corrected isogenic con-
trols.19 In another study, expression of progerin was used to
induce ageing in PD iPSC-derived DA neurons, where character-
istic phenotypes were revealed, though the Lewy body precursor
inclusions were found only in iPSC-derived DA neurons with
Parkin V324A mutation.17 The presence of Lewy body precur-
sor inclusion in the neurons carrying Parkin mutation is interest-
ing, as patients harbouring Parkin mutation usually do not have
Lewy bodies. It is unknown if the α-synuclein aggregates found
in these studies are of pathogenic traits (such as ﬁlamentous
structure). The conformation of α-synuclein strain has recently
been found to dictate its impact on histopathological and behav-
ioural phenotypes, with α-synuclein inclusion possessing
maximal neurotoxicity in the form of ﬁbrils, while ribbons
leading to the phenocopy of PD.23 In contrast, though DA
neurons derived from iPSCs with LRRK2 G2019S mutation
showed either upregulation of α-synuclein protein,22 or diffuse
cytoplasmic accumulations of α-synuclein,16 no obvious aggre-
gates or inclusions were reported.16 22 Of note, a duration of
75 days of culture of DA neurons was used to mimic ageing and
to promote development of PD-related phenotypes.16 However,
the optimal culture duration of differentiated neurons to mimic
PD is unclear. In addition, progerin is responsible for
Hutchinson-Gilford progeria syndrome, a disease of premature
ageing, where the nervous system is not compromised.
Therefore, the characteristic PD-related phenotypes might not
be reproduced in iPSC-derived neurons with progerin-induced
ageing. In summary, taking into account the inconsistencies in
the ﬁndings of α-synuclein aggregates, iPSC technology needs to
be optimised and standardised before meaningful inferences can
be drawn.
Careful examination of iPSC-derived neurons may reveal
subtle changes preceding the formation of pathological lesions,
including mitochondrial dysfunction, oxidative stress, calcium
dysregulation and other cellular events compromised in PD,1
which may act as biomarkers for the early diagnostic of PD.
However, these early changes, such as mitochondrial dysfunc-
tion and disturbance in autophagy, are present not only in PD
but are also shared by some other neurodegenerative diseases.
In addition, diverse detrimental factors trigger distinct cascades,
but result in similar damage to the vulnerable DA neurons,
eventually leading to PD. Therefore, some pathophysiological
changes, especially those occurring in the upstream of the
pathway, might only show up in a certain group of PD and not
be shared by all PD cases. Identiﬁcation of a group of biochem-
ical markers with the aid of iPSC technology and determining
the right combination of these changes can potentially contrib-
ute to diagnostic accuracy in early PD. However, it is premature
at this moment to draw conclusions without identiﬁcation of
consistent and speciﬁc marker(s).
Cellular replacement
Unlike injury to the central nervous system, where subsequent
glial proliferation eventually sequesters the lesion, grafted
neurons in PD may have a better chance of compensating the
function of diminished neurons without the barrier of glial scar-
ring. Indeed, inspiring success in PD treatment has been
achieved through allograft of human embryonic mesencephalic
tissue.24 Recent attempts to transplant neural progenitor cells
(NPCs) or DA neurons from ESCs in rodent and primate PD
models have also yielded encouraging results.25 However,
embryonic or fetal neural transplantation procedures are limited
by availability of tissues, potential immunorejection and ethical
concerns. Fortunately, iPSCs have unlimited proliferative cap-
acity and are hence able to provide an inexhaustible supply of
neurons for cell replacement. This also obviates ethical concerns
such as those with regard to fetal tissues. A pioneering study
showed that grafted iPSCs were able to differentiate into DA
neurons and rescue motor deﬁcits in a rat PD model.26
Subsequently, in a primate model, DA neurons were reported to
differentiate from human iPSC-derived NPCs after graft. The
DA neurons survived for up to 6 months, though the improve-
ment in behaviour was not statistically signiﬁcant.27 In addition
to investigating iPSC-based cell therapy in different model
system, iPSCs generated through distinct approaches have been
utilised to optimise the therapy. Protein-based iPSC-induced
NPCs were reported to differentiate to the DA neurons after
transplantation, and to overcome the early senescence and apop-
tosis caused by virus-based reprogramming.28 These results
provide a favourable outlook for the application of transplant-
ation of iPSCs to the treatment of PD. However, a stringent
clinical study paradigm is advisable for iPSC-based cellular
therapy trials (ﬁgure 2).
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Preparation of graft cells
Cell therapy requires optimal grafting cells, as the properties of
the grafting cells, such as their purity, number and stage, have
signiﬁcant impact on the efﬁcacy and safety of transplantation.
The lesions from fetal neuronal grafts have shown us the
importance of the purity of the graft. The heterogeneity of har-
vested embryonic mesencephalic tissue has been considered the
major reason for huge variability of improvement in motor
defects in previous studies. Moreover, dyskinesia, a major
adverse effect of fetal neural grafts, has been found to be
mediated by serotonergic neurons.29 In contrast, optimised
protocol for differentiating ESCs yields bona ﬁde A9 DA cells in
high percentage, dramatically restoring motor function.25 In
addition, a study showed that DA neuron grafts sorted using a
NCAM+/CD29low marker gave rise to better survival of DA
neurons and better function recovery compared to unsorted
grafts.30 Tumourigenesis might be addressed with grafts of high
purity, as few proliferating cells were detected in the grafts in
6-hydroxydopamine-challenged rats, using cell sorting with a
ﬂoor plate marker, CORIN.31 In terms of cell number, though
100 000 DA neurons have been proposed for a successful graft,
neural outgrowth was observed in a high concentration of NPC
grafts.28 Mid-stage ESC-derived DA neurons have been shown
to have better survival and greater rescue of motor defects than
neurons in other stages.32 Moreover, the way to induce differen-
tiation of iPSCs is also crucial for ideal replenishment of DA
neurons, as rosette-derived grafts resulted in much more robust
proliferation than did ﬂoor plate-based strategy derived grafts.25
Since iPSCs are prone to tumourigenesis during both repro-
gramming and differentiating stages, the aforementioned genetic
test and in vivo screening must be performed to secure the pro-
duction of clinical grade iPSCs.
It is also important to determine whether the iPSC graft is
sourced from the individual patient or from a HLA-matched
healthy donor. Undoubtedly, the neurons derived from the
patient should have the best immune compatibility for trans-
plantation. However, there are still key issues that have to be
taken into account for the autotransplantation. First, if the
genetic defects in the patient’s cells from which the iPSCs are
generated are not corrected, the transplantation of the
iPSC-derived neurons or NPCs would predispose the patient to
neurodegeneration. Even though gene correction can currently
be achieved through genome-editing techniques, such as the
clustered regularly interspaced short palindromic repeats-Cas9
system and transcription activator–like effector nucleases, fully
rectifying PD-related variations is still impractical, as it is the
cumulative effect of dozens of variations that lead to PD.20
Furthermore, a number of risk variants might have been skipped
due to inadequate sample size of subjects or might yet be identi-
ﬁed by contemporary genomic approaches. In contrast, it would
be much more economical and practical if the patient is treated
with a HLA-matched neuron graft from a tested global iPSC
library.33
Patient selection
It is noteworthy that a patient who received transplants of
embryonic mesencephalic tissue experienced a signiﬁcant initial
improvement, followed by gradual deterioration with refractory
non-DA features, including difﬁculty in gait and balance, and
falling, indicating DA neuron replacement fails to reverse the
progression of PD to a non-DA system.34 Along with the obser-
vation of exclusive survival of DA neurons in animal models
after iPSC-induced NPC graft, we reason that DA neuron/NPC
grafts may have limited effect on advanced disease that develops
beyond the DA system. A favourable transplant outcome pre-
dicted by a good preoperative response to levodopa also sup-
ports this point.35 Therefore, we propose that the risk of
involvement of a non-DA system should be evaluated using posi-
tron emission tomography or other structural and functional
imaging to better predict the beneﬁt of receiving a DA neuron/
NPC graft for a particular patient. Moreover, patients with
genetic PD, especially those with mutation in parkin, usually
experience a slower disease progression and suffer less non-
motor symptoms,36 which indicate relatively exclusive DA
involvement. Therefore, patients with genetic PD may possibly
expect a better outcome of cell therapy in terms of long-term
effect.
Microenvironment in PD
Since the ultimate goal of PD therapy is to halt disease progres-
sion by rescuing the underling pathophysiological damage in the
brain, cell therapy may never over-ride DA replacement by
drugs if surviving grafted neurons cannot provide more beneﬁt
than mere replenishment of diminished DA neurons. In contrast
to improving the catastrophic microenvironment by graft, it has
been found that the microenvironment around the graft site
negatively affects the graft. Host-to-graft disease propagation
has been identiﬁed in patients with PD with development of
Lewy bodies in grafted neurons.37 Subsequent studies revealed
that intercellular transmission of α-synuclein from host-to-graft
might contribute to disease propagation by promoting
α-synuclein aggregation in recipient neurons.38 The Prion
hypothesis has since been brought up to highlight the propen-
sity of synuclein aggregates to disseminate through the nervous
system. Although PD is not a contagious disease, α-synuclein
shares common features with prion protein. Once acquiring
β-sheet conformation, aggregated α-synuclein is able to induce
Lewy pathology by entrapping soluble α-synuclein.
Subsequently, mature aggregates may split into small fragments,
which may act as seeds of new aggregates and transmit to adja-
cent cells.39 Therefore, grafted neurons are susceptible to a
vicious cycle of aggregation formation and spreading of the
aggregates among neurons. Moreover, though favourable
growth of DA neurons has been found in a neurotoxin-lesioned
animal model, it is uncertain how well DA neurons would be
able to survive in a patient’s brain, as pulse treatment of neuro-
toxin is usually discontinued while the adverse milieu in PD
remains. Host-to-graft disease propagation and persistent PD
milieu highlight the importance of improving the adverse
Figure 2 Clinical trial paradigm (iPSC, induced pluripotent stem cells).
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microenvironment of PD, which in turn requires the elucidation
of the mechanism of PD with the aid of the iPSC PD model.
Fortunately, the impact between host microenvironment and
graft cells is not unidirectional. Redmond et al40 reported that a
much larger number of astrocytes were derived from grafted
human NSC and express neuronal protective factors, thereby
adjusting homeostasis of the microenvironment. Owing to vari-
able microenvironments in different patients and limited func-
tion of sheer DA neurons to improve adverse pathogenesis,
constructing a functionally autonomous DA ‘unit’ might be a
future direction to develop graft candidates possibly with
certain growth factors or even glia cells in addition to DA
neurons. The comprehensive DA ‘unit’ may provide not only
the replacement of DA neurons, but also elements that may
improve the adverse microenvironment in patients with PD.
Moreover, the autonomy of the graft is particularly important
in terms of controlling of the graft cell numbers, as the grafted
cells are more directly exposed to the artiﬁcial microenviron-
ment in the ‘unit’ than variable surrounding milieu, which may
affect the ideal in vitro protocol.
CONCLUSIONS
iPSC-derived neurons provide an exciting system for PD model-
ling, which can be utilised for the investigation of disease patho-
genesis, with the potential for development as a clinical
diagnostic tool, and also offer new therapeutics for patients
(table 1). However, while iPSC-derived neurons have enormous
potential in PD, any clinical trial approaches should be exten-
sively supported by validated robust biological evidence (based
on previous experience with fetal mesencephalic transplant-
ation), in particular, the production and selection of ‘ideal’
neurons (functional units with no oncological risk), together
with the careful screening of appropriate candidates (such as
genetic carriers) with inbuilt safeguards (prior safety studies) in
the evaluation and monitoring (such as functional neuroimaging
of both DA and non-DA system) of trial subjects. We wish to
believe, with cautious optimism, that some of these enormous
challenges can be surmounted in the near future.
Acknowledgements This study was supported by the National Medical Research
Council (STaR award and Parkinson’s disease clinical translational research
programme).
Contributors E-KT and BX planned the outline of the review. RT and HHN
contributed ideas and suggestions. All the authors approved the manuscript.
Funding National Medical Research Council (grant number PD TCR).
Competing interests None declared.
Provenance and peer review Commissioned; externally peer reviewed.
Open Access This is an Open Access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited and the use is non-commercial. See: http://creativecommons.org/
licenses/by-nc/4.0/
REFERENCES
1 Schapira AH, Olanow CW, Greenamyre JT, et al. Slowing of neurodegeneration in
Parkinson’s disease and Huntington’s disease: future therapeutic perspectives.
Lancet 2014;384:545–55.
2 Devine MJ, Ryten M, Vodicka P, et al. Parkinson’s disease induced pluripotent stem
cells with triplication of the α-synuclein locus. Nat Commun 2011;2:440.
3 Kitada T, Tong Y, Gautier CA, et al. Absence of nigral degeneration in aged parkin/
DJ-1/PINK1 triple knockout mice. J Neurochem 2009;111:696–702.
4 Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse
embryonic and adult ﬁbroblast cultures by deﬁned factors. Cell 2006;126:663–76.
5 Loh YH, Wu Q, Chew JL, et al. The Oct4 and Nanog transcription network
regulates pluripotency in mouse embryonic stem cells. Nat Genet 2006;38:431–40.
6 Tan HK, Toh CX, Ma D, et al. Human ﬁnger-prick induced pluripotent stem cells
facilitate the development of stem cell banking. Stem Cells Transl Med
2014;3:586–98.
7 Okano H, Nakamura M, Yoshida K, et al. Steps toward safe cell therapy using
induced pluripotent stem cells. Circ Res 2013;112:523–33.
8 Aasen T, Raya A, Barrero MJ, et al. Efﬁcient and rapid generation of induced
pluripotent stem cells from human keratinocytes. Nat Biotechnol 2008;26:1276–84.
9 Knoepﬂer PS. Deconstructing stem cell tumorigenicity: a roadmap to safe
regenerative medicine. Stem Cells 2009;27:1050–6.
10 Marión RM, Strati K, Li H, et al. A p53-mediated DNA damage response limits
reprogramming to ensure iPS cell genomic integrity. Nature 2009;460:1149–53.
11 Gore A, Li Z, Fung HL, et al. Somatic coding mutations in human induced
pluripotent stem cells. Nature 2011;471:63–7.
12 Van Laar VS, Arnold B, Cassady SJ, et al. Bioenergetics of neurons inhibit the
translocation response of Parkin following rapid mitochondrial depolarization.
Hum Mol Genet 2011;20:927–40.
13 Cai Q, Zakaria HM, Simone A, et al. Spatial parkin translocation and degradation of
damaged mitochondria via mitophagy in live cortical neurons. Curr Biol
2012;22:545–52.
14 Seibler P, Graziotto J, Jeong H, et al. Mitochondrial Parkin recruitment is impaired
in neurons derived from mutant PINK1 induced pluripotent stem cells. J Neurosci
2011;31:5970–6.
15 Rakovic A, Shurkewitsch K, Seibler P, et al. Phosphatase and tensin homolog
(PTEN)-induced putative kinase 1 (PINK1)-dependent ubiquitination of endogenous
Parkin attenuates mitophagy: study in human primary ﬁbroblasts and induced
pluripotent stem cell-derived neurons. J Biol Chem 2013;288:2223–37.
16 Sánchez-Danés A, Richaud-Patin Y, Carballo-Carbajal I, et al. Disease-speciﬁc
phenotypes in dopamine neurons from human iPS-based models of genetic and
sporadic Parkinson’s disease. EMBO Mol Med 2012;4:380–95.
17 Miller JD, Ganat YM, Kishinevsky S, et al. Human iPSC-based modeling of
late-onset disease via progerin-induced aging. Cell Stem Cell 2013;13:691–705.
18 Cooper O, Seo H, Andrabi S, et al. Pharmacological rescue of mitochondrial deﬁcits
in iPSC-derived neural cells from patients with familial Parkinson’s disease.
Sci Transl Med 2012;4:141ra90.
19 Ryan SD, Dolatabadi N, Chan SF, et al. Isogenic human iPSC Parkinson’s model
shows nitrosative stress-induced dysfunction in MEF2-PGC1α transcription. Cell
2013;155:1351–64.
20 Nalls MA, Pankratz N, Lill CM, et al. Large-scale meta-analysis of genome-wide
association data identiﬁes six new risk loci for Parkinson’s disease. Nat Genet
2014;46:989–93.
21 Adler CH, Beach TG, Hentz JG, et al. Low clinical diagnostic accuracy of early vs
advanced Parkinson disease: clinicopathologic study. Neurology 2014;83:406–12.
22 Nguyen HN, Byers B, Cord B, et al. LRRK2 mutant iPSC-derived DA neurons
demonstrate increased susceptibility to oxidative stress. Cell Stem Cell
2011;8:267–80.
Table 1 Current approaches and future directions in the application of iPSCs
Mechanism Therapeutics Diagnostic Cellular therapy
Current progress Pathophysiological clues in
iPSC-derived neurons
Tests of potential therapeutic
compounds in iPSC-derived neurons
Pathological changes in iPSC-derived
neurons may have diagnostic potential
Success of dopamine neuron
graft in animal models
Future research Validation studies to confirm and
identify new mechanisms
Screening drugs in iPSC-derived
neurons in individual patients
Identification of biochemical markers with
the aid of iPSC technology
Graft of HLA-matched neurons in
clinical patients
HLA, human leucocyte antigen; iPSC, induced pluripotent stem cells.
Xiao B, et al. J Neurol Neurosurg Psychiatry 2016;87:697–702. doi:10.1136/jnnp-2015-312036 701
Movement disorders
23 Peelaerts W, Bousset L, Van der Perren A, et al. α-Synuclein strains cause distinct
synucleinopathies after local and systemic administration. Nature 2015;522:340–4.
24 Freed CR, Greene PE, Breeze RE, et al. Transplantation of embryonic dopamine
neurons for severe Parkinson’s disease. N Engl J Med 2001;344:710–9.
25 Kriks S, Shim JW, Piao J, et al. Dopamine neurons derived from human ES cells
efﬁciently engraft in animal models of Parkinson’s disease. Nature 2011;480:547–51.
26 Wernig M, Zhao JP, Pruszak J, et al. Neurons derived from reprogrammed
ﬁbroblasts functionally integrate into the fetal brain and improve symptoms of rats
with Parkinson’s disease. Proc Natl Acad Sci USA 2008;105:5856–61.
27 Kikuchi T, Morizane A, Doi D, et al. Survival of human induced pluripotent stem
cell-derived midbrain dopaminergic neurons in the brain of a primate model of
Parkinson’s disease. J Parkinsons Dis 2011;1:395–412.
28 Rhee YH, Ko JY, Chang MY, et al. Protein-based human iPS cells efﬁciently
generate functional dopamine neurons and can treat a rat model of Parkinson
disease. J Clin Invest 2011;121:2326–35.
29 Politis M, Wu K, Loane C, et al. Serotonergic neurons mediate dyskinesia side effects
in Parkinson’s patients with neural transplants. Sci Transl Med 2010;2:38ra46.
30 Sundberg M, Bogetofte H, Lawson T, et al. Improved cell therapy protocols for
Parkinson’s disease based on differentiation efﬁciency and safety of hESC-, hiPSC-,
and non-human primate iPSC-derived dopaminergic neurons. Stem Cells
2013;31:1548–62.
31 Doi D, Samata B, Katsukawa M, et al. Isolation of human induced pluripotent stem
cell-derived dopaminergic progenitors by cell sorting for successful transplantation.
Stem Cell Reports 2014;2:337–50.
32 Ganat YM, Calder EL, Kriks S, et al. Identiﬁcation of embryonic stem cell-derived
midbrain dopaminergic neurons for engraftment. J Clin Invest 2012;122:
2928–39.
33 Turner M, Leslie S, Martin NG, et al. Toward the development of a global induced
pluripotent stem cell library. Cell Stem Cell 2013;13:382–4.
34 Kordower JH, Chu Y, Hauser RA, et al. Lewy body-like pathology in long-term embryonic
nigral transplants in Parkinson’s disease. Nat Med 2008;14:504–6.
35 Freed CR, Breeze RE, Fahn S, et al. Preoperative response to levodopa is
the best predictor of transplant outcome. Ann Neurol 2004;55:896; author
reply-7.
36 Kasten M, Kertelge L, Brüggemann N, et al. Nonmotor symptoms in genetic
Parkinson disease. Arch Neurol 2010;67:670–6.
37 Li JY, Englund E, Holton JL, et al. Lewy bodies in grafted neurons in subjects with
Parkinson’s disease suggest host-to-graft disease propagation. Nat Med
2008;14:501–3.
38 Hansen C, Angot E, Bergström AL, et al. alpha-Synuclein propagates from mouse
brain to grafted dopaminergic neurons and seeds aggregation in cultured human
cells. J Clin Invest 2011;121:715–25.
39 Goedert M. NEURODEGENERATION. Alzheimer’s and Parkinson’s diseases: the
prion concept in relation to assembled Aβ, tau, and α-synuclein. Science
2015;349:1255555.
40 Redmond DE Jr, Bjugstad KB, Teng YD, et al. Behavioral improvement in a primate
Parkinson’s model is associated with multiple homeostatic effects of human neural
stem cells. Proc Natl Acad Sci USA 2007;104:12175–80.
702 Xiao B, et al. J Neurol Neurosurg Psychiatry 2016;87:697–702. doi:10.1136/jnnp-2015-312036
Movement disorders
